mall incision lenticule extraction (SMILE) performed with femtosecond laser technology has optimized the treatment of refractive errors.
O R I G I N A L A R T I C L E
mall incision lenticule extraction (SMILE) performed with femtosecond laser technology has optimized the treatment of refractive errors. [1] [2] [3] [4] During the flap-free SMILE procedure, an intrastromal lenticule is created with femtosecond laser and mechanically removed through a minor incision. The extracted corneal lenticules are normally discarded after surgery, but could potentially be used for treatment of other refractive conditions such as hyperopia, 5, 6 aphakia, 7 and presbyopia. 8 Lenticule implantation was suggested as a tissue additive procedure in 1966 by Jose Barraquer, 9 later followed by several studies on synthetic hydrogel inlays for correcting hyperopia. Although the hydrogel inlays were generally tolerated in short-term studies of monkeys 10 and humans, 11 complications arose due to substantial problems with the nutrition diffusion. Studies reported necrosis of the central anterior layer, opacities, and lipid deposits around the inlays that in some cases had to be removed years after surgery. 11, 12 The refinement of femtosecond laser technology facilitates new possibilities for tissue additive procedures. The extracted lenticule in SMILE for myopia may now be implanted into a laser-cut intrastromal pocket in a hyperopic patient to induce steepening of the anterior corneal curvature. 13 Furthermore, the insertion of a refractive stromal lenticule may also serve as a potential method for stromal volume restoration S ABSTRACT PURPOSE: To evaluate changes in corneal tomography after stromal lenticule implantation ex vivo, with respect to the dependency of the lenticule thickness and implantation depth on the corneal curvature and the postoperative biomechanical strength at increased chamber pressure.
METHODS: Twenty-eight human donor corneas underwent pocket implantation of refractive stromal lenticules. Four groups were created by the combination of two implantation depths (110 and 160 µm) and two lenticule thicknesses (95 µm = 4.00 diopters [D] , 150 µm = 8.00 D). Sagittal keratometry and total corneal refractive power (TCRP 4mm,apex,zone ) were obtained for the front and back curvature with Pentacam HR (Oculus Optikgeräte GmbH, Wetzlar, Germany) at chamber pressures of 15 and 40 mm Hg.
RESULTS:
The anterior curvature steepening was comparable between the 4.00 D and 8.00 D groups (P > .141), but more pronounced with 110 µm implantation depth (P < .038). The posterior curvature flattened significantly more after implantation of 8.00 D than 4.00 D lenticules (P < .002), but was similar at 110 and 160 µm implantation depths (P > .071). Average DTCRP for the 4.00 D and 8.00 D groups was 3.10 ± 0.60 and 5.30 ± 1.66 diopters (D) at 110-µm depth, respectively (P = .003), but 1.99 ± 0.79 and 3.36 ± 1.45 D at 160-µm depth, respectively (P = .066). The relative correction achieved was 66% to 78% at 110-µm depth and 42% to 50% at 160-µm depth, but similar when using 4.00 D and 8.00 D lenticules. Increased chamber pressure caused significant anterior and posterior curvature steepening after implantation in all four groups (P < .001), but not before implantation (P > .632).
CONCLUSIONS:
The power of the implanted lenticule must be higher than the intended correction, and customized to the chosen implantation depth. Biomechanical strength seems to decrease after lenticule implantation.
14 Cryopreservation opens up for long-term storage of SMILE lenticules that are viable and with preserved collagen architecture up to 1 month after extraction. 6, 15 Studies on rabbits 16 and non-human primates 17 have shown that cryopreserved refractive stromal lenticules were clear and viable with minimal inflammatory response up to 3 months after implantation. The inflammatory response was also stable 6 months after freshly implanted lenticules in rabbits, although collagen rearrangements were observed in the postoperative period. 18 The postoperative refractive correction after biological lenticule implantation remains unclear in human subjects. Only a few clinical studies have evaluated lenticule implantation where various lenticule dimesions and implantation depths have been used. [5] [6] [7] The exact dependency of the implantation depth and lenticule thickness on the postoperative refractive correction still needs to be understood. The strong and resistant anterior corneal layer 19 may retain the pressure from an implanted lenticule with less anterior curvature steepening and thereby hyperopic correction. Hence, we hypothesize that implantation of thick SMILE-derived lenticules may induce more posterior curvature surface flattening than anterior curvature steepening compared with thin SMILE-derived lenticules, whereas a stromal lenticule positioned in the more superficial layer will induce more anterior curvature steepening than when implanted in a deeper layer of the cornea.
The current study examined the corneal curvature changes after refractive stromal lenticule implantation ex vivo in human donor corneas deemed unsuitable for patient treatment. We examined the dependency of implantation depth and lenticule thickness on the corneal curvature changes. Furthermore, the postoperative biomechanical strength was assessed with the corneal inflation test by evaluating the corneal curvature changes during low and high simulated chamber pressure.
MATERIALS AND METHODS
A total of 56 human donor corneas deemed unsuitable for patient treatment were obtained from The Veneto Eye Bank Foundation (Venice, Italy). The included donor corneas were discarded for patient treatment due to low endothelial cell count. Corneal microscopy was performed to ensure that none of the included corneas had evidence of corneal stromal diseases, opacities, irregularities, or severe arcus senilis, which would affect the corneal tomography. The donor corneas were received in a storage medium (CorneaMax; Eurobio, Les Ulis, France) and transferred to a dehydrating 8% dextran-containing organ culture media for a minimum of 24 hours prior to use. The donor corneas were mounted on a Barron artificial anterior chamber (Katena, Denville, NJ) filled with organ culture medium with 8% dextran. The epithelial layer was removed to the limbus with a blunt spatula. The artificial anterior chamber with the mounted cornea was placed upside-down in the dextran medium for 30 minutes to ensure similar hydration of all corneas before the first measurement.
Twenty-eight donor corneas were allocated for lenticule harvesting and 28 for lenticule implantation. The study consisted of four groups of seven mounted donor corneas with a combination of one of two implantation depths (110 and 160 µm) and one of two thicknesses of the implanted lenticules (95 and 150 µm). If two corneas were received from the same donor, they would be distributed into two separate groups for lenticule harvesting and lenticule implantation.
No ethical approval was needed from the Regional Ethics Committee for the Central Region of Denmark because anonymous donor tissue was used in the experiment (request 186/2015). Written consent that the donor tissue could be used for experimental use was received from the donor's next of kin.
LenticuLe Harvesting
SMILE was performed using the 500-kHz VisuMax femtosecond laser (Carl Zeiss Meditec, Jena, Germany) as described previously. 20 In brief, the laser cut energy index was set to 34 and the spot/spacing distance to 4.5 µm. After adjusting the contact glass to the center of the artificial anterior chamber, a 7.3-mm cap was cut with a 2.55-mm incision and a cap thickness of 110 and 160 µm, respectively. The mean corneal radius was set to 7.8 mm, with a lenticule diameter of 6.5 mm and a minimum lenticule thickness of 30 µm. Hence, the maximum lenticule thickness was 95 and 150 µm for the 4.00 and 8.00 diopter (D) spherical lenticules, respectively. Remaining tissue bridges were gently broken with a blunt spatula and the lenticule removed with a pair of forceps.
LenticuLe impLantation
The stromal pocket was created with the femtosecond laser by cutting a 7.3-mm flap with a 315° hinge, thereby creating a 45° incision. The mean corneal radius was set to 7.8 mm, and the depth of the stromal pocket was 110 and 160 µm, respectively. The lenticule was transferred to the stromal pocket immediately after harvesting, maintaining the same orientation and polarity (Figure AB, available in the online version of this article). An iris spatula was used for lenticule Lenticule Implantation for Hyperopia/Damgaard et al unfolding in the stromal pocket, and the final alignment was performed by surface manipulation with the spatula. Proper alignment was facilitated by measuring the distance from the mounting ring of the artificial anterior chamber to the lenticule edge. The artificial anterior chamber with the implanted lenticule was afterward positioned in a moist chamber for 30 minutes to ensure that all interface air bubbles had dissolved before measurements.
corneaL tomograpHy and oct
Tomographic measurements were performed with the Pentacam HR (Oculus Optikgeräte GmbH, Wetzlar, Germany). A custom-made device ensured the exact same orientation of the artificial anterior chamber before and after surgery ( The median of three consecutive measurements before and after implantation was used for comparison. Primary outcome measurements were the average sagittal keratometry readings of the central 3-mm radius described as the radius (r) for the front and back curvature, and Dr was calculated as r post -r pre . Secondary outcome measurements were cap and lenticule thicknesses after implantation and the total corneal refractive power (TCRP) in the 4-mm apex zone. The TCRP 4mm, apex, zone was chosen for statistical analysis because previous studies have shown that it accurately assesses the manifest refraction following laser refractive surgery. 21 
statisticaL anaLysis
Statistical analysis was performed with STATA (version 13; STATACorp, College Station, TX) and GraphPad Prism for MAC OS X (v6.0; GraphPad Software, Inc., La Jolla, CA) software. A two-factor mixed analysis of variance (ANOVA) was performed to take into account the within-subject factors (measurements before and after implantation, using two different pressure levels), and the between-subject factors (four groups, based on two implantation depths and two lenticule thicknesses). The following statistical comparisons were made for the keratometry readings and TCRP: time point (preimplantation vs post-implantation), implantation depth (110 vs 160 µm), lenticule thickness (4.00 vs 8.00 D), and chamber pressure (15 vs 40 mm Hg).
To describe the results after lenticule implantation, we defined the term "intended correction" as 4.00 and 8.00 D, which corresponds to the refractive power of the lenticules when removed during a SMILE procedure for myopia. Analysis of the preoperative characteristics was performed with one-way ANOVA. A P value of less than .05 was considered statistically significant. Table A (available in the online version of this article). There were no statistical differences in donor age, recipient age, time in dextran prior to mounting, or CCT before implantation (P > .872, oneway ANOVA). The average lenticule thicknesses after implantation were 93 ± 4.2 and 97 ± 5.0 µm for the 4.00 D lenticule groups and 156 ± 11 and 155 ± 11 µm for the 8.00 D lenticule groups, respectively.
RESULTS

Characteristics before and after implantation are shown in
corneaL tomograpHy
Table B (available in the online version of this article) shows the mean change in sagittal keratometry after surgery for the front and back curvature, whereas Figure 1 illustrates Dr for the front and back curvature under various lenticule thicknesses (4.00 and 8.00 D), implantation depths (110 and 160 µm), and chamber pressure levels (15 and 40 mm Hg). Average Dr for all combinations of thicknesses, depths, and pressure levels were significantly different from zero (P < .008), with the exception of Dr 4.00 D,160µm,15mmHg and Dr 4.00 D,160µm,40mmHg (P > .103).
For the front curvature, a 110-µm implantation depth induced significantly more steepening than a 160-µm implantation depth in all groups (P < .038, Figure 1A, b markings) , with the exception of the 4.00 D groups at a chamber pressure of 15 mm Hg (P = .208). Furthermore, Dr for the anterior curvature did not differ after implantation of 4.00 D and 8.00 D lenticules when compared under identical implantation depths and pressure levels (P > .141).
For the back curvature, the induced flattening was similar when using an implantation depth of 110 and 160 µm (P > .069). The implantation of an 8.00 D lenticule gave rise to significantly more posterior curvature flattening than the 4.00 D lenticule for all combinations of implantation depths and chamber pressure levels ( Figure 1B , a markings, P < .001).
Lenticule Implantation for Hyperopia/Damgaard et al tcrp
The TCRPs before and after implantation are listed in Table 1 , whereas DTCRPs are shown in Figure 2 . There was a significant increase in the TCRP after implantation in all four groups at 15 and 40 mm Hg (P < .001), although the intended correction was not achieved. The TCRP increased significantly more using the thicker lenticules, with an average DTCRP of 5.30 ± 1.66 D after 8.00 D lenticule implantation and 3.10 ± 0.60 D after 4.00 D lenticule implantation at 110-µm depth (15 mm Hg, P = .003, Table 1 and Figure 3) . Likewise, the average DTCRP was 3.36 ± 1.45 and 1.99 ± 0.79 D after 8.00 D and 4.00 D lenticule implantation at 160-µm depth, respectively (15 mm Hg, P = .066). The implantation depth had a significant impact on DTCRP; 66% to 78% of the intended correction was achieved with a 110-µm implantation depth, whereas 42% to 50% of the intended correction was achieved with a 160-µm implantation Lenticule Implantation for Hyperopia/Damgaard et al depth. The relative correction was similar when using 4.00 and 8.00 D lenticules for implantation ( Table 1) .
BiomecHanicaL strengtH
The pressure-induced changes in sagittal radius and TCRP before and after surgery are shown in Table C (available in the online version of this article). Before implantation, there were no significant differences in sagittal r pre,15mmHg and r pre,40mmHg for the front and back curvature in any of the four groups (P > .632). After implantation, r post,15mmHg was significantly larger than r post,40mmHg in all four groups for the front and back curvature, indicating a significant curvature steepening with increased chamber pressure (P < .001). Also, more anterior steepening during pressure elevation was observed if the 4.00 D lenticules were positioned in the superficial corneal layer (110 vs 160 µm, P = .005), whereas no difference was observed for the 8.00 D lenticules (P = .201).
For the pressure-induced change in TCRP, the average TCRP pre,15mmHg and TCRP pre,40mmHg were comparable in all evaluated groups (P > .680, Table C ). After implantation, the increased chamber pressure caused a significant increase in TCRP in all four groups due to the steepening of the front curvature, although the steepening of the back curvature decreased the TCRP (P < .001). During pressure elevation, the difference in TCRP was more pronounced if the 4.00 D lenticules were positioned in the superficial layer of the cornea (110 vs 160 µm, P = .001), whereas no significant difference was seen for the 8.00 D lenticules (P = .159).
DISCUSSION
The current study examined the corneal tomography after lenticule implantation in ex vivo human donor corneas. We found that the achieved correction after lenticule implantation does not correspond to the refractive power of the lenticule when it is removed during SMILE. Approximately 78% and 50% of the intended correction was reached with an implantation depth of 110 and 160 µm, respectively. The achieved percentage of correction was independent of the refractive power of the lenticule. However, implantation of higher powered lenticules seemed to induce more posterior curvature flattening than anterior curvature steepening, where the posterior curvature alteration contributes less to the refractive correction.
Lenticule implantation and re-implantation has previously been examined in rabbits [22] [23] [24] and non-human primates 17, 25 to evaluate the refractive correction and viability of the implanted tissue. A previous study in monkeys found that 83% of the intended correction was reached 6 months after autologous 4.00 D lenticule implantation at 100-µm depth. 25 However, the lenticule implantation was performed under a partially dissected corneal flap, where the laser cutting may have weakened the anterior stroma and Bowman's membrane. For lenticule re-implantation, a previously extracted lenticule may not cause the same tension in the cap as when a lenticule is implanted into a newly created stromal pocket. 26 Consequently, the biomechanical and tomographic responses may not be comparable when lenticule implantation is used for stromal tissue addition or restoration.
Previous studies in humans of lenticule implantation for hyperopia have reported a tendency toward undercorrection when the refractive powers of the implanted lenticules were similar to the intended correction. 5, 6 Thus, one of the first case studies by Pradhan et al. 7 reported a 5.18 D increase in refractive power after implantation of a 10.50 D spherical lenticule under a 180-µm cap. Another recent study examined lenticule implantation in four presbyopic patients where a 1-mm corneal button was trephined from a 2.50 to 2.75 D spherical lenticule and inserted under a 120-µm cap in the non-dominant eye. 8 They reported promising near distance visual acuity with a central hyperprolate area on the keratometry readings, but the average steepening in keratometry was unfortunately not reported. 
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To our knowledge, only one study has examined lenticule implantation ex vivo in human donor corneas. 27 Using hyperopic-shaped lenticules from SMILE with the thinnest point centrally positioned, they found an average correction of 7.31 ± 1.52 D after implantation of 8.00 D lenticules at a 115-µm stromal depth. Although the biconcave lenticule shape may have caused more hyperopic shift than observed in the current study, the authors did not report the average CCT after implantation as a measure for the hydration of the recipient corneas. Because the corneal topography is known to depend on the corneal hydration level, 28 we monitored the CCT continuously before and after implantation and kept the hydration stable with frequent moistening.
In the current study, we demonstrated that lenticule implantation of higher powered lenticules caused more posterior curvature flattening than anterior steepening. Although both curvature alterations increase the corneal refractive power, the posterior flattening only provides a minor refractive change due to the small difference in refractive index between cornea and aqueous humor. A possible explanation of the inward flattening lies in the strength of the anterior corneal stroma and Bowman's membrane. 19 Also, a previous study used finite analysis to assess the postoperative stress strain distribution af- Lenticule Implantation for Hyperopia/Damgaard et al ter lenticule implantation and found 159.94% increased stress in the central 3-mm anterior stroma after implantation of a 10.50 D lenticule under a 180-µm cap. 26 We did not perform relaxing incisions in the edge of the cap, but this technique has been suggested by some surgeons to increase the effect when implanting high powered lenticules. Another suggestion is to implant the lenticule under a corneal flap, but with a risk of postoperative flap and lenticule dislocation if exposed for eye trauma. Furthermore, this approach would weaken the anterior stroma due to cutting of the anterior collagen lamellae. The optical quality after implantation may depend on the arrangement of Bowman's layer and the corneal collagen fibers. Thus, implantation of a thick lenticule under a flap may cause more microfolds in Bowman's layer than seen after implantation under a cap. However, it may be more difficult to flatten and align the lenticules in the pocket than under a flap, and may consequently cause more disarrangements of the collagen layer in the stromal lenticule.
Surprisingly, we did observe a significant posterior and anterior curvature steepening when the chamber pressure was raised from 15 to 40 mm Hg after surgery. The increase in TCRP from anterior curvature steepening exceeds the decrease in TCRP from the posterior curvature steepening because of the refractive index of air, cornea, and aqueous humor. Consequently, the TCRP increased significantly from 3.10 ± 0.60 D at 15 mm Hg to 4.27 ± 1.12 D at 40 mm Hg (4.00 D lenticule, 110 µm depth). Due to the unexpected results, we repeated the protocol without laser cutting and implantation to ensure that hydration regulation and storage in the moist chamber were not potential confounders. We found that the keratometry values and TCRP did not differ at a chamber pressure level of 15 and 40 mm Hg when stored under the same conditions as the remaining donor corneas. The femtosecond pocket creation spares the integrity of the anterior stroma, but the minor incision and the lamellar cut still damage collagen fibers and weaken the corneal biomechanical strength. 29 Both the lamellar dissection and the minor incision may weaken the corneal biomechanical strength to a certain degree and subsequently cause the increased curvature steepening with increased chamber pressure. Furthermore, the change in anterior curvature and TCRP with increased pressure was more severe after implantation of lenticules in the superficial layer (110 vs 160 µm), possibly explained by the position of the lamellar cut in the biomechanically stronger layer of the cornea. 19 Multiple adjustments of the set-up were tried to ensure acceptable tracking of the anterior and posterior corneal curvature. We determined that the Barron artificial anterior chamber was suitable for this purpose because it was possible to see the bottom on the chamber during measurements. By marking the center of the artificial anterior chamber with a 1.5-mm diameter hole, we ensured that the measurements before and after implantation were taken at the exact same point. The high reflection from the artificial anterior chamber and mounting ring was dramatically reduced by black non-reflective spray paint. However, even though the donor corneas were well hydrated, the surface tracking was approximately 70% to 90% and 50% to 70% for the front and back curvature, respectively. Therefore, we ensured that there were no larger areas missing in the central 4-mm diameter zone for each measurement. We experienced that moisturizing of the surface with a semi-wet spear (isotonic saline) 30 seconds before measurements gave the most optimal image quality. We also tried with 8% dextran and artificial eye drops, but they seemed to cause a hyperreflective surface that led to inaccurate tracking of the anterior curvature.
We used an ex vivo model of human donor corneas to examine the dependency of implantation depth and lenticule thickness on the increase in refractive power. Although a major strength of this model is the use of human donor tissue, we acknowledge its limitations. It would be preferable to use whole globe eyes rather than donor corneas mounted in an artificial anterior chamber. The fixation of the corneoscleral rim may affect the biomechanical response following implantation and thereby the refractive outcome. 30 Furthermore, using an ex vivo model, we were not able to evaluate whether there was any regression over time due to potential remodeling of the stroma and epithelial layer and changes in the hydration level of the lenticule and/or the recipient cornea. However, we maintained a stable hydration for both the recipient cornea and the implanted lenticule before and after implantation to avoid inadequate hydration that would affect the corneal tomography. It would be preferable to use paired donor corneas to compare the implantation depth, but this was not practically possible due to limited supply of tissue. However, a few paired corneas were included in the study, which was taken into consideration in the statistical analysis.
The current study showed that the achieved correction was generally lower than the power of the implanted lenticule. Higher powered lenticules tended to induce more posterior flattening than anterior curvature steepening. Also, increased chamber pressure after implantation caused significant steepening of the anterior surface due to weakening of the corneal tissue, and consequently higher TCRP values. However, further studies are needed to confirm these findings. Moreover, it would be interesting to evaluate the to- 
